Background A compromised free flap perfusion attributable to vascular occlusion requires immediate operative correction. Indocyanine green (ICG) videoangiography may reduce the risk of partial skin flap necrosis in high-risk free flaps in patients undergoing head and neck reconstruction. The purpose of this study was to determine the role of ICG in cases of venous congestion in a rat model. Methods A standardized epigastric flap was raised and repositioned in 35 rats. Full venous occlusion of the draining superficial inferior epigastric vein was temporarily applied for 4, 5, 6, or 7 hours. Blood flow measurements including simultaneous laserDoppler flowmetry and tissue spectrophotometry (oxygen-to-see [O2C]) and ICG videoangiography with the FLOW 800 tool were performed before flap raising, after temporary venous stasis, and after clinical monitoring for 1 week. The Youden index computed from the receiver operating characteristic curve was used to define an optimal cutoff value for necrosis prediction after 4 and 6 hours of stasis. Results The ICG videoangiography with the FLOW 800 tool was found to be superior to O2C in the prediction of flap necrosis. The accuracy of prediction was moderate after an interval of 4 hours of stasis (area under the curve [AUC] ¼ 0.661; 95% confidence interval [CI]: 0.489-0.834) and good after 6 hours of stasis (AUC ¼ 0.787; 95% CI: 0.65-0.915). Conclusions The O2C does not reliably predict tissue necrosis in cases of venous congestion. ICG videoangiography is a valuable tool that can predict clinical outcome and provide guidance on whether to salvage a congested flap.
If the viability of the skin paddle in a free flap cannot be reliably determined from clinical findings alone, 1 an alternative objective method is essential to exclude vascular compromise. A plethora of specialized imaging modalities have been described to assess the adequacy of skin paddle perfusion of local and free flaps, pre-, intra-, and postoperatively. [2] [3] [4] [5] [6] [7] The use of indocyanine green (ICG) angiography can provide an early and accurate evaluation of flap perfusion. 8, 9 ICG angiography is not restricted to vascular assessment but includes ICG lymphography to improve sentinel lymph node mapping and lymphovenous bypass surgery.
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In the field of free flap surgery, the preoperative ICG angiography-assisted assessment of skin perfusion can help with flap design. Intraoperative evaluation allows an assessment of the patency of microvascular anastomosis. 9, 11 As stated consistently in the literature, the success of a free flap salvage operation is dependent on the early detection of vascular compromise and the subsequent short take-back time to the operating room. 12 The most common reason for flap failure is venous congestion, and congested flaps are more prone to fail than arterially compromised flaps.
1,13,14
Venous congestion has been previously addressed in several studies in various rat and rabbit models with the main focus on physiology and diverse treatments, including the effect of hemodilution or the use of low-molecularweight heparin on blood congestion.
15, 16 Nasser et al have described a significant reduction in limb blood flow in rats by using ICG angiography, if a stenosis of the femoral vein exceeded 85%. 17 However, as in most studies, the detection of acute blood flow changes and objective diagnostic results have not been correlated with long-term results and the potential prediction of the clinical course. The purpose of this study has been to compare two approved methods that might be used to predict flap necrosis and to determine valuable cutoff values for an objective assessment of results.
Methods Ethical Statement and Animal Welfare
The study was compliant with current German regulations and guidelines for animal welfare and was approved by the local government (Regierung Oberbayern; AZ.: 55. 
Workflow and Model Generation
All procedures were performed under intravenous anesthesia (ketamine/xylazine) by using the femoral vein access on the right inguinal site after insertion of a microcatheter (Premicath; VYGON GmbH & Co. KG, Aachen, Germany) and application of one-eighth doses of 10% ketamine when needed, as previously described in detail.
18,19
A standardized 4 Â 4 cm epigastric flap on the left side was marked with a template, and a reference measurement (measurement no. 1) was performed by using simultaneous laser Doppler flowmetry and tissue spectrophotometry (O2C; LEA Medizintechnik GmbH, Giessen, Deutschland) and ICG videoangiography (INFRARED 800; Carl Zeiss Meditec AG, Oberkochen, Germany). The flap was raised leaving the superficial inferior epigastric artery and vein (SIEV) as the only vascular supply. 20 Following this, the flap was sutured back with interrupted sutures (6-0 Ethilon; Ethicon, Norderstedt, Germany) leaving the caudal border open.
Complete venous stasis was induced by applying a single Acland clip on the SIEV, the caudal border was temporarily closed, the microcatheter was removed, and the rats were roused from anesthesia for 4, 5, 6, or 7 hours (each n ¼ 7). After the interval of full venous occlusion, O2C analysis and ICG videoangiography were performed, and the temporary clip was removed under short anesthesia (measurement no.
2). Finally, the wounds were closed, and the rats were observed for 1 week. In the control group (no venous stasis), measurement no. 2 was performed after flap raising and repositioning to the corresponding wound bed. After 1 week of observation, the rats were reanesthetized and each flap was documented photographically (500D Canon, Germany) before O2C and ICG videoangiography were performed once more (measurement no. 3, ►Fig. 1). Images were planimetrically analyzed with regard to clinically vital and necrotic skin areas, and the necrotic area was measured by using NIH Image Software (ImageJ 1.41o, National Institutes of Health, Madison/Wisconsin, United States).
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Subsequently, the rats were sacrificed under deep anesthesia with an intracardiac injection of pentobarbital at 60 mg/kg body weight (Narcoren; Fa. Rhone Merieux GmbH, Laupheim, Germany) following a standard protocol.
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Blood Flow Analyses
The operation and ICG videoangiography were performed by using an operating microscope of the type OPMI Pentero integrated near-infrared videoangiography detection system with an integrated FLOW 800 tool (INFRARED 800; Carl Zeiss Meditec AG). 7, 23 The intraoperative ICG videoangiography of the epigastric flap was performed, as described in detail previously, by using weight-dependent intravenous injection of the ICG dye (ICG-PULSION; Pulsion Medical System AG, Munich, Germany). 19, 24 The ICG videoangiography was conducted at fivefold magnification. The emission signal of the ICG dye was detected, color coded with respect to fluorescence intensity for a period of 120 seconds with 25 images per second, and recorded as arbitrary units (AU). 25 In the immediate analysis, two regions of interests (ROIs) were positioned in measurement nos. 1 to 3 according to the fluorescence staining behavior observed over time as described by Akita et al: one centrally located ROI ¼ earlystaining area (< 10 seconds) and one at the right laterocranial border of the flap ¼ delayed-staining area (10-60 seconds). 26 In flaps with demarcated necrosis after 1 week, an additional two ROIs were positioned in the area of necrosis for measurement no. 3 and retrospectively for measurement nos. 1 and 2. The values of the first maximum (first maximum) of the resulting curve and the area under the curve (AUC ICG ) for a time of 120 seconds were analyzed for all ICG measurements.
Simultaneous laser-Doppler flowmetry and tissue spectrophotometry (LEA Medizintechnik GmbH) was performed with a centrally located probe on the flap as previously described.
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The probe was always located centrally to increase the reproducibility within the measurements for one and the same rat. The location of the probe is illustrated in ►Fig. 1. The following parameters were registered: oxygen saturation (SO 2 , in AU), hemoglobin level (Hb, in AU), velocity (velo, in AU), and blood flow (flow, in AU). All parameters were measured simultaneously and noninvasively at the skin surface (S) and at a depth (D) of 8 mm in each O2C measurement.
Statistics
The data were analyzed with IBM SPSS 23.0 for Windows software (IBM Corp., Armonk, NY). The distribution of the area of necrosis was found to be skewed by visual inspection and is therefore presented by the median and range. Accordingly, differences between the groups were evaluated by using the Mann-Whitney's U-test. The p-values are two sided and subject to a global significance level of 0.05. A conventional sample size was chosen in compliance with regulations of the local government on observational animal studies.
Receiver operating characteristic (ROC) curves and consecutive Youden indices were calculated 28 to determine the discriminatory ability and to define the optimal cutoff values for the registered parameters in ICG videoangiography and O2C analysis to predict the incidence of necrosis. The status of the flap was assessed related to the ICG fluorescence intensity determined by the FLOW 800 tool. 25 Sensitivity, specificity, and positive and negative predictive values for the prediction of necrosis were calculated from the relationship between the clinical appearance of the ROI and the results of the ICG fluorescence intensity at the corresponding ROI.
Results
Flap Survival
The incidence of necrosis increased with the time of venous stasis (1/7, 3/7, 5/7, 5/7, and 6/7), as did the median necrotic area of flaps in the control group without venous stasis (0.0 mm 2 range: 0.00-100.06) and in subgroups with 4 hours (0 After an interval of 5 hours of venous stasis, the incidence and area of necrosis significantly increased compared with those of the control group (p ¼ 0.037 and p ¼ 0.04, respectively). All blood flow parameters measured with O2C or ICG videoangiography are shown in Appendices A and B.
Receiver Operating Characteristic Curve and Cutoff Calculation
The calculation of a ROC curve was not possible for the control group because no necrosis occurred at the area of the centrally localized probe.
The ROC curves for the Hb S and D parameters after 4 hours of venous stasis were associated with an AUC of 0.542 (95% confidence interval (CI): 0.084-0.999) and 0.5 (95% CI: 0.000-1.0), underlining poor accuracy (►Fig. 2). 
Discussion
The successful salvage of a venously congested free flap is dependent on correct detection and on a short time interval between the initial occlusion and the technically successful restoration of venous drainage. With regard to detection, postoperative routine clinical observations by medical staff on the intensive care unit, on the postanesthesia care unit, or on the regular ward for the first 72 hours represent the minimal level of care in centers for free flap transfer. Abbreviations: AUC, area under the curve; CI, confidence interval; NPV, negative predictive value; PPV, positive predictive value; ROC, receiver operating characteristic. effective restoration of venous drainage also lead to a successful salvage and overall successful free flap transfer? Hence, we have compared two established methods with regard to the accuracy in the prediction of flap necrosis in flaps threatened by venous congestion, which is the most common postoperative complication. Fourman et al described an earlier and more accurate prediction of flap survival by using ICG angiography in comparison with laser Doppler imaging in a modified McFarlane model of the rat. 32 Munabi et al also obtained good results in predicting the incidence of necrosis following mastectomy by using ICG angiography.
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These positive findings correlate well with our previously reported results. 24 However, in contrast to our presented study, venous congestion was not the focus of their study and Fourman et al and Munabi et al only performed a descriptive analysis of the prediction by using different threshold values for their monitoring tools. They did not determine a ROC curve to describe the accuracy of the defined thresholds or defined threshold values for their ICG angiography system. Akita et al 26 combined intraoperative ICG angiography with regional tissue oximetry for postoperative flap monitoring. They intraoperatively categorized (early-, delayed-, or nostaining area) regions of flaps with respect to ICG dye staining behavior over time, but no thresholds were described. Furthermore, they correlated the areas with a calculated regional oxygen saturation (SO 2 ) index. Assuming that the incident regional SO 2 index of less than 0.75 was a true positive for vascular compromise, the ROC curve revealed an AUC of 1.0 for the regional SO 2 index, representing an ideal result of the test. The combination of the ICG angiography and tissue oximetry improved the accuracy of interpretation in postoperative free flap monitoring. However, the regional SO 2 index was only used for general monitoring and the detection of the incidence of vascular compromise irrespective of the reason but not to predict the outcome of flap survival after a successful salvage operation. To our knowledge, our study is the first to evaluate the predictive accuracy of ICG videoangiography using the FLOW 800 tool for the most common reason for free flap failure, namely, venous congestion. Our data indicate that good results are achievable regarding sensitivity, specificity, and positive and negative predictive values, but that the accuracy of our results are moderate until 6 hours of venous stasis (AUC in ROC curve: >0.78). Whereas at 4 hours of venous stasis, the predictability of flap necrosis was less accurate (AUC 0.661 for the first maximum) in comparison with 6 hours of venous stasis, ICG analysis at 4 hours still appeared to be superior to simultaneous laser-Doppler flowmetry and tissue spectrophotometry (AUC in ROC curve: 0.542). Four hours of venous stasis were associated with a small area of necrosis in the follow-up period and thereby seemed to be tolerated well by the fasciocutaneous flap as previously described by Harashina et al. 34 Hence, the missing tolerance of flaps congested longer than 4 hours might also be reflected by the missing increase of SO 2 in the 5-to 7-hour subgroups despite an increase in velocity and flow. This oppositional increase of velocity and flow might be due to opened shunts triggered by an intrinsic physiological reaction. Finally, the course results in a terminal breakdown of microcirculation and consecutive flap loss. On the basis of our results, a moderate prediction of necrosis after 4 hours of venous stasis is both mandatory and feasible in the clinical setting. The knowledge of our findings might help facilitate the difficult decision as to whether to revise a congested but potentially salvageable free flap or to plan an alternative reconstruction when flap loss would be imminent, even if venous drainage was successfully restored. This could reduce futile salvage operations and reduce unnecessary procedures under anesthesia.
Limitations
The results are based on a fasciocutaneous flap in an animal model. Potential transfer to human beings is often controversial, and a one-to-one transfer is, therefore, inappropriate. Nevertheless, rats remain the gold standard in the field of microsurgical research and, during a time of recurrent ethical questions and surveys, preclinical studies still have to be performed.
The main disadvantage of ICG angiography is its cost, especially in the case of an integrated system in an operating microscope, as previously described by others. Nevertheless, in our opinion, the potential to decrease postoperative complications and to increase free flap salvage rates outweigh the acquisition costs. We only describe cutoff values for the OPMI Pentero integrated near-infrared videoangiography detection system with the integrated FLOW 800 tool (INFRARED 800; Carl Zeiss Meditec AG). For other systems, cutoff values may differ, but the application and ability of use of such systems are transferable. In contrast to laser Doppler flowmetry which allows continuous flap monitoring, ICG angiography can only be used intermittently. In this context, our study setup may differ from routine clinical use of laser Doppler flowmetry. However, the aim of this study was to assess the predictability of each method at a given time. Our study supports the body of evidence that laser Doppler flowmetry can only be interpreted in the context of continuous measurement and clinical evaluation. In our opinion, this is one of the greatest drawbacks of this technique since no valid cutoff values are known and the critical time point for successful flap salvage is often missed.
Conclusions
Fasciocutaneous flaps in the rat seem to withstand 4 hours of venous congestion providing that the vascular drainage is subsequently restored sufficiently. The use of the ICG angiography as a monitoring tool allows the prediction of flap necrosis after 6 hours of venous stasis at a highly accurate level and is moderately accurate even after 4 hours. Simultaneous laser-Doppler flowmetry and tissue spectrophotometry are not suitable for accurately predicting necrosis in cases of venous congestion in this animal model. The knowledge gained from our findings might help in difficult considerations as to whether a revision of a congested free flap is advisable.
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